Background: The relationship between genetic factors and the development of cerebral palsy (CP) has recently attracted much attention. Polymorphisms in the genes encoding proinflammatory cytokines have been shown to be associated with susceptibility to perinatal brain injury and development of CP. Interleukin-6 (IL-6) is a proinflammatory cytokine that plays a pivotal role in neonatal brain injury, but conflicting results have been reported regarding the association between IL-6 single nucleotide polymorphisms (SNPs) and CP. The purpose of this study was to analyze IL-6 gene polymorphisms and protein expression and to explore the role of IL-6 in the Chinese CP population. Methods: A total of 753 healthy controls and 713 CP patients were studied to detect the presence of five SNPs (rs1800796, rs2069837, rs2066992, rs2069840, and rs10242595) in the IL-6 locus. Of these, 77 healthy controls and 87 CP patients were selected for measurement of plasma IL-6 by Luminex assay. The SHEsis program was used to analyze the genotyping data. For all comparisons; multiple testing on each individual SNP was corrected by the SNPSpD program.
Introduction
Cerebral palsy (CP) is a group of non-progressive motor impairment syndromes caused by lesions during early brain development that often include cognitive deficits and musculoskeletal dysfunction [1, 2] . The prevalence of CParound 2 to 3 cases per 1,000 live birthshas been stable over the past 30 years [3] . CP has become the leading cause of childhood disability in both developing and developed countries [4, 5] , but the vast majority of the underlying pathogenic factors behind the development of CP are still unknown. Risk factors for CP have been categorized as prenatal, perinatal, and postnatal, but the majority of the risk factorsabout 70% to 80%occur prenatally [6] . Prenatal inflammation, such as intrauterine inflammation, is believed to be an important causal factor of adverse neurological outcomes [7] , and an abnormal cytokine response has been suggested to be a common pathway for inducing brain injury [8] .
Interleukin-6 (IL-6) is a pro-inflammatory cytokine that responds to intrauterine infection by inducing further increases in cytokine production [8] . Studies have shown that IL-6 is linked to clinical chorioamnionitis and preterm birth and that there is a three-fold increased risk for the development of periventricular leukomalacia (PVL) in preterm infants [9, 10] . The IL-6 single nucleotide polymorphism (SNP) rs1800795 (G-174C) was reported to be associated with disabling brain injury but not cognitive development in 148 children who were born at less than 32 weeks gestational age in the UK [9] . Additionally, a population-based case-control study including 334,333 infants showed that rs1800795 is a risk factor for CP among term and near-term infants who were born at more than 36 weeks gestational age in the US [11, 12] . However, with comparable gestational age distributions in CP patients and control groups, conflicting results showed no association between CP and rs1800795 in 144 very preterm infants who were born at less than 32 weeks gestational age in Croatia [13] . The conflicting results might be based on differences in sample size or could indicate that the effect of IL-6 gene function in the development of CP might be influenced by ethnicity or gestational age. Based on a replicate genetic study on SNPs from different regions of the IL-6 gene, we have previously reported that the SNP rs2069837 is associated with male spastic CP in the Chinese Han population. To further confirm the risk factors associated with SNPs and to validate the regulation of IL-6 by the SNPs [10] , we used a larger sample size to analyze five polymorphisms from different regions of the IL-6 gene and combined this with a plasma IL-6 protein assay to evaluate the importance of IL-6 in the etiology of CP.
Methods

Subjects
The study population consisted of 713 CP patients (219 girls (30.7%) and 494 boys (69.3%) with a mean age ± SD of 19.1 ± 14.9 months) chosen from centers for CP rehabilitation in the Third Affiliated Hospital of Zhengzhou University and Zhengzhou Children's Hospital from 1 July 2010 to 31 May 2012 (Table 1) . Of these, 87 CP patients (54 boys (62.1%) and 33 girls (37.9%) with a mean age ± SD of 19.9 ± 14.1 months) were selected for the serum IL-6 assay ( Table 2 ). The 753 healthy control participants (262 girls (34.8%) and 491 boys (65.2%) with a mean age ± SD of 19.6 ± 18.5 months) were chosen from the Child Healthcare Departments at the same hospitals during the same period. Of these healthy controls, 77 (63 boys (81.8%) and 14 girls (18.2%) with a mean age ± SD of 19.8 ± 12.4 months) were selected for the serum IL-6 assay. Blood samples were collected into tubes containing EDTA by skilled nurses on the second day of being hospitalized. Plasma was separated by centrifugation (1,500 × g for 15 min) at room temperature within 2 hours after being collected. DNA was obtained from the remaining blood components from the same sample. All the prepared samples were immediately stored at −70°C. All subjects were Han Chinese from the Henan Province, and written informed consent to participate in this study was provided by the children's parents. Child neurologists diagnosed and classified the CP by clinical examination or by using medical records, including brain imaging, according to the guidelines proposed by the "Surveillance of CP in Europe" network [14] . Children in either the CP or control group with myopathy or metabolic anomalies were excluded from the analysis. For the serum IL-6 assay, the age of the selected children ranged from 5 months to 36 months. Children with cough, fever, acute respiratory illness, or any other any indications of infection within the past 3 months were excluded. Because of the genetic factors and familial factors that are associated with CP, we ensured that the controls had no familial relationships with the patients and did not have neurological symptoms. Approval for the study was obtained from the ethics committee of Zhengzhou University and the Medical Academy of Henan Province (201201002) in accordance with the Declaration of Helsinki.
The database of medical records contains information on CP risk factors, such as birth asphyxia, symptoms concomitant with CP, such as mental retardation (MR), neonatal complications, such as PVL, and on hypoxicischemic encephalopathy (HIE). In addition, the records contain information on maternal factors such as premature rupture of membrane (PROM), pregnancy-induced hypertension (PIH), and threatening premature labor (TPL). Asphyxia was diagnosed using the criteria of the American Academy of Pediatrics and the American College of Obstetricians and Gynecologists, and newborns were included when at least three of the four criteria were met [15] . MR was identified based on a score of less than 70 on the Bayley Scales measurement of mental development index [16] . PVL was defined as parenchymal densities or lucencies around the ventricles during ultrasound examination of the head performed any time after 14 days post-birth [17] , and this was further confirmed by MRI. Diagnosis of HIE required a combination of parameters that are indicative of metabolic acidosis within the first hours after birth. These include low umbilical cord blood pH (<7.0), a base deficit of over 12 mEq/L, and evidence of a need for respiratory support starting in the first minutes after birth with low Apgar scores at and beyond 5 min after birth. The diagnosis of PROM was based on pooling of amniotic fluid in the vagina, amniotic fluid ferning patterns, and a positive nitrazine test [18] . PIH was diagnosed and classified according to the criteria recommended by the American Congress of Obstetricians and Gynecologists, including a systolic blood pressure of 140 mmHg or higher or a diastolic blood pressure of 90 mmHg or higher on two occasions at least 6 h apart occurring after 20 weeks of gestation in a pregnant woman with previously normal blood pressure and without detectable urinary protein [19] . TPL was based on at least one of the following having occurred during pregnancy: the mother was admitted to the hospital prenatally with an episode of TPL, the mother received antenatal steroids or tocolytics, or a note was made on the delivery room chart that there was a history of TPL during the pregnancy [20] .
Polymorphism selection
A total of five SNPs (rs1800796, rs2069837, rs2066992, rs2069840, and rs10242595) of the IL-6 gene whose minor allele frequencies in the Chinese Han population are more than 0.1 were selected from the dbSNP database (www.ncbi.nlm.nih.gov/SNP) and the hapmap human SNP database (www.hapmap.org). All of rs2069837, rs2066992 in the second intron, and rs2069840 in the third intron are tag SNPs. rs1800796 and rs10242595 are located in the upstream and downstream regions of the IL-6 gene, respectively. 
Genotyping
Genomic DNA was prepared from venous blood using the AxyPrep Blood Genomic DNA Miniprep Kit (Axygen Biosciences, Union City, CA, USA) according to the manufacturer's instructions. Probes and primers were designed by the SEQUENOM online tools (https:// www.mysequenom.com) and the sequences are available upon request. After the amplification of polymorphismspanning fragments by multiplex polymerase chain reaction (PCR), the genotyping was performed with the Sequenom MassARRAY SNP genotyping platform (Sequenom, San Diego, CA, USA). The person who analyzed the genotype results was blinded to the clinical data.
IL-6 quantification
Blood samples were collected using EDTA as an anticoagulant. The samples were centrifuged at 1,500 × g for 15 min at room temperature, and plasma was aliquoted and stored at −70°C. Before the assay, the frozen samples were thawed completely at room temperature, mixed well by vortexing, and centrifuged to remove precipitated material. IL-6 was assayed together with IL-8, IL-10, IL-17, TNF-α, or IFN-γ by using the Milliplex Human Cytokine/Chemokine Kits (Millipore, Billerica, MA, USA) according to the manufacturer's instructions on a Luminex 200IS System (Luminex Corporation, Austin, TX, USA). Quality control was performed between the plates by using the two controls provided in the kit and representative samples from both CP patients and controls run on all the plates. The assay was completed on the same day by the same person. The plate variation was 6.94% in this assay. IL-6 levels were calculated using the Beadview software package (Upstate, Temecula, CA, USA) and expressed as pg/mL. The detection limit for IL-6 was 0.3 pg/mL.
Statistical analysis
For gene analysis, the Hardy-Weinberg equilibrium (HWE) test was performed on the allele and genotype frequency analysis using the SHEsis online software platform (http://analysis.bio-x.cn). Linkage disequilibrium was measured using standardized D' , and the discrepancies in allele and genotype frequencies at single loci between patients and controls were compared using a Monte Carlo simulation strategy. 
Results
Overall analysis
The genotypic distribution of the five selected SNPs in the controls was in HWE. There were no differences in allele or genotype frequencies between the total population of CP patients (n = 713) and total population of controls (n = 753) for any of the five genetic polymorphisms ( Table 3) . Computation of D' indicated a strong linkage disequilibrium between these SNP markers (D' >0.8) ( Table 4) . A haplotype analysis of all five SNPs between the CP and control subjects was performed (those with a haplotype frequency <0.03 were excluded from the analysis), and three common haplotypes were built. No differences in the haplotypes were found between CP cases and controls (data not shown).
Subgroup analysis
Subgroup analysis of SNPs was performed according to sex, gestational age, birth weight, birth asphyxia, subtypes of CP, pregnancy complications, and maternal factors. Significant differences in allele frequencies were observed between CP patients (n = 494) and controls (n = 491) in males for rs2069837 (OR = 1.334, 95% CI = 1.073-1.659, P = 0.009, P = 0.027 after SNPSpD correction) ( Table 5) , but there were no differences in these SNP allele/genotype frequencies between CP patients and controls in females (data not shown). Spastic CP was the main type of CP seen in this study population. Differences in allele frequencies were observed between spastic CP patients (n = 456) and controls (n = 753) for rs2069837, but the difference disappeared after SNPSpD correction (data not shown). Further analysis according to the sex of the CP patients revealed significant differences in allele and genotype frequencies between male spastic CP patients (n = 325) and controls (n = 491) for rs1800796, rs2069837, and rs2066992, but the differences for rs1800796 and rs2066992 disappeared after SNPSpD correction (Table 6) , which was similar to our previous analysis. Haplotype analysis for rs1800796, rs2069837, and rs2066992 showed that the haplotypes "CAT" and "GGG" (rs1800796, rs2069837, and rs2066992) were strongly associated with male spastic CP patients (haplotypes with a frequency <0.03 were excluded from the analysis) ( Table 7) .
PVL is common in preterm brain injury and is related to the development of CP. In this study, we found differences in genotype frequencies between CP patients with PVL (n = 56) and controls (n = 491) in males at rs1800796 and rs2066992 ( Table 8 ). The haplotype analysis of all five analyzed SNPs did not show significant differences between CP patients with PVL and control subjects in either males or females.
According to gestational age at birth, the CP patients and controls were stratified as term or preterm CP cases. A difference in allele and genotype frequencies for the rs2069837 site was observed between term CP patients (n = 338) and term controls (n = 491) in males (Table 9 ), but no difference was found between preterm CP patients (n = 156) and preterm controls in males or between term and preterm CP patients in either males or females.
Differences in genotype frequencies were observed between CP patients with maternal PROM (n = 88) and controls (n = 753) for rs2066992 and rs1800796 (Table 10 ). Further analysis according to the sex of the CP patients showed differences between CP patients with maternal PROM (n = 88) and controls (n = 491) in males for rs2066992 and rs1800796, but the differences disappeared after SNPSpD correction.
IL-6 quantification
The mean plasma IL-6 concentration was higher in the CP patients than in the controls, and this difference was more pronounced in males ( Figure 1A) . Subgroup analysis showed that the IL-6 level was higher in the spastic CP group compared to the control group ( Figure 1B) . Furthermore, the IL-6 level in the CP patients was related to gestational age and a significant increase was seen in the full-term birth CP patients ( Figure 1C ). However, the IL-6 level was not changed compared to controls in the CP patients with PVL ( Figure 1D ). Further statistical analyses stratified by birth weight, birth asphyxia, MR, HIE, and maternal complications such as PIH, TPL, and PROM were also performed but no differences were found (data not shown). Furthermore, the plasma IL-6 levels were different between CP patients with genotypes CC and those with GG at rs1800796 (P = 0.033) (Figure 2A) , and the plasma IL-6 levels of genotype CC at rs1800796 (Figure 2A ), AA at rs2069837 ( Figure 2B) , and TT at rs2066992 ( Figure 2C ) in CP patients were higher than in their respective controls. Therefore, we have sufficient evidence to assume that there is a positive association of the IL-6 gene with the etiology of CP.
Discussion
IL-6 is a proinflammatory cytokine that plays a key role in systemic inflammatory processes and has been identified as an important mediator of prenatal inflammation and CP. Clinical studies suggest that preterm neonates born to mothers with elevated IL-6 levels in the amniotic fluid are at increased risk for the subsequent development of PVL and CP [21] , and CP patients show higher IL-6 levels in the cerebral spinal fluid [22] . Furthermore, infection has been shown to be an independent risk factor for spastic hemiplegia CP in infants born at term [23] and chorioamnionitis has been shown to be the most common cause of spastic quadriplegia CP [24] . In this study, we found that the plasma IL-6 levels were higher in CP patients than in controls and that IL-6 levels increased dramatically in spastic CP patients, which has not previously been reported. Overall, the findings from previous studies and our current work suggest that IL-6 is strongly associated with CP. Although we could not confirm whether the elevation of IL-6 levels is a recurrent or persistent issue that occurs after the event that led to the development of CP or if it is a transient effect during the late stage of CP; such increases might help to identify infants that could possibly benefit from later therapeutic interventions. Genetic regulation of inflammation is an important biological risk factor that might contribute to the risk of developing CP [13] . The promoter region polymorphism rs1800795 (G-174C) in the IL-6 gene has been associated with CP in populations from both Australia [8] and California [12] . The variant C allele of rs1800795 (G-174C) has been shown to markedly increase the risk of hemiplegic CP and quadriplegic CP in infants [8] , and the CC genotype After the SNPSpD correction, the P value is 0.042. c After the SNPSpD correction, the P value is 0.039. of the 174C/G variation is related to higher levels of IL-6 compared to the GG genotype [25] . Studies of IL-6 polymorphisms have mainly focused on rs1800795 [8, 12] , but this polymorphism is absent in the Han Chinese population [26] . The SNPs rs1800796, rs2069837, and rs10242595 have all been reported to be associated with Alzheimer's disease and ischemic stroke [27] [28] [29] [30] , and the rs2069840 SNP has been shown to be associated with systemic sclerosis [31] . The common haplotype tagged by the SNP rs1800796 (C-572G) has been shown to be associated with an increased risk of brain infarct in elderly subjects in a cardiovascular health study [32] . Even though these SNPs were associated with neurological disease in adults, so far there has been no evidence showing an association with CP. This study has, for the first time, shown that associations between IL-6 polymorphisms and CP are related to sex, PVL, gestational age, and the clinical subtype of CP. The rs2069837 SNP is associated with male spastic CP patients born at full term, and the genotypes of rs1800796 and rs2066992 are associated with male CP patients with PVL.
The genotypes produced from rs1800796 and rs2066992 SNPs, however, showed deviation from HWE in CP patients with PVL. Deviations from HWE could point to a sampling bias, mistyping of genotypes, or spurious gene associations after population stratification [33] . We carefully re-analyzed the data based on the reasons mentioned above and found that all of the controls were in HWE. As Esser suggested, if only the genotype distribution of the patient group shows deviation from HWE, this might provide additional support for an association between the marker locus with the disease in question [33] . Therefore, our study showed that the genotypes produced from the two SNPs (rs1800796 and rs2066992) are more likely associated with male CP patients with PVL. On the other hand, we cannot exclude the potential problem of a small sample size (n = 56) after population stratification.
In addition to changes in SNP frequency, we also measured IL-6 levels directly and found that in CP patients the CC genotype of rs1800796 (C-572G) has an effect on serum levels of IL-6 compared to the GG genotype. This is similar to what has been seen in trauma patients carrying the −572 C allele or −572 G allele [34] . This suggests that the G allele of rs1800796 could reduce transcriptional activity of the IL-6 promoter. We also found that the plasma IL-6 levels of genotype CC at rs1800796, AA at rs2069837, and TT at rs2066992 in CP patients were higher than their respective controls. We speculate that the genetic variation might enhance or weaken the inflammatory response to some extent during the pathogenic process of CP, or it might influence the interaction between genetic factors and the environment. It seems that the C allele of rs1800796, the A allele of rs2069837, and the T allele of rs2066992 might be risk factors for CP. This must be further confirmed with even larger samples.
In this study population, 69.3% (494/713) of the CP patients were males, and this proportion is in accordance with reports from other nations [35] [36] [37] [38] . This sexrelated difference has also been noticed in in vitro and in vivo models of cerebral ischemia and neuronal injury [39] . However, even though sex hormones, such as estrogens, protect against brain injury [40] , the circulating hormone levels cannot completely account for sex differences in the CP patients or in the developing brain [41] . This could be related to genetic background since it has been reported that female-derived neurons (XX) have a survival advantage compared with male-derived neurons (XY) [42] .
PROM has been associated with increased risk for intrauterine infection and clinical chorioamnionitis [43, 44] , and it has been observed that infants born after PROM are at increased risk of white matter injury and subsequent CP diagnosis [45, 46] . In our study, we found that the genotypes of SNPs rs1800796 and rs2066992 are associated with CP and that this association is more robust in CP patients with maternal PROM. This finding suggests that maternal infections can be an up-stream causative factor that contributes to CP.
In summary, our study suggests that IL-6 participates in the pathogenesis of CP in a sex-related manner and that IL-6 gene polymorphisms are risk markers for male term infants and might be related to the development of PVL in male CP patients.
